abstract: Large brains, relative to body size, can confer advantages to individuals in the form of behavioral flexibility. Such enhanced behavioral flexibility is predicted to carry fitness benefits to individuals facing novel or altered environmental conditions, a theory known as the brain size-environmental change hypothesis. Here, we provide the first empirical link between brain size and survival in novel environments in mammals, the largest-brained animals on Earth. Using a global database documenting the outcome of more than 400 introduction events, we show that mammal species with larger brains, relative to their body mass, tend to be more successful than species with smaller brains at establishing themselves when introduced to novel environments, when both taxonomic and regional autocorrelations are accounted for. This finding is robust to the effect of other factors known to influence establishment success, including introduction effort and habitat generalism. Our results replicate similar findings in birds, increasing the generality of evidence for the idea that enlarged brains can provide a survival advantage in novel environments.
Some mammals, such as primates and cetaceans, have evolved large brains despite the substantial metabolic and developmental costs involved Isler and van Schaik 2006) . Why? Past research on this question has centered on the brain's role in sensory, cognitive, and motor functions (Barton 2006) . Increased brain size has been linked to sensory specializations (Joffe and Dunbar 1997; Barton 1998) , cognitive skills (Reader and Laland 2002; Byrne and Corp 2004) , and motor functions (Changizi 2003) . Several of these associations have also been documented in birds (e.g., Lefebvre et al. 1997 Lefebvre et al. , 2004 Garamszegi et al. 2002) , suggesting convergent evolution of the brain between these classes (Emery and Clayton 2004; Lefebvre et al. 2004) . Although the underlying neurophysiological mechanisms are not well understood (Roth and Dicke 2005; Dunbar and Shultz 2007) , the existence of such correlations suggests that enlarged brains enhance the capacities required for individuals to modify their behavior in potentially adaptive ways (Jerison 1973; Lefebvre et al. 1997; Allman 2000; Madden 2001; Reader 2003b; Barton 2004; Byrne and Corp 2004; Marino 2005) .
Nonetheless, controversy remains regarding the advantages that enlarged brains provide for the survival and reproduction of animals in the wild (Marino 2005; Dunbar and Shultz 2007) . A number of hypotheses have been put forward to explain such advantages, including the need to learn how to access hard-to-eat food (Parker and Gibson 1977) , to track changes in the spatial or temporal distribution of food (Clutton-Brock and Harvey 1980) , to deal with complex social interactions (Jolly 1966; Humphrey 1976; Sawaguchi and Kudo 1990; Byrne and Corp 2004; Shultz and Dunbar 2006; Dunbar and Shultz 2007; Lindefors et al. 2007) , to use multiple foraging strategies (Ratcliffe et al. 2006) , to discover novel resources (Lefebvre et al. 1997; Ratcliffe et al. 2006) , and to deal with unpredictability in the environment (Richerson and Boyd 2000; Reader and MacDonald 2003) . One principle unifying these hypotheses is the idea that enlarged brains afford advantages in dealing with environmental change when the response demands behavioral flexibility in the form of learning and innovation. Thus, some authors consider that large brains might function, and thus have evolved, to deal with novel socioecological challenges in general (Allman et al. 1993; Reader and Laland 2002; Marino 2005 ), a theory known as the brain size-environmental change hypothesis. However, evidence that enlarged brains provide a survival advantage when facing novel challenges is available only for birds. In birds, species with enlarged brains have been found to show higher survival in novel or altered environments (Sol and Lefebvre 2000; Shultz et al. 2005; Sol et al. 2005b) as well as in their native ranges ), attributable to their enhanced behavioral flexibility.
Mammals are the taxonomic group that contains the largest brains of any animal on Earth, implying past selection on brain enlargement. Thus, mammals provide a valuable opportunity to test the generality of the brain size-environmental change hypothesis. Despite considerable interest in understanding the selection pressures acting on brain enlargement, there has been no attempt to validate the link between brain size and environmental change in mammals. Here, we address this important gap by asking whether large-brained mammals are more successful at surviving in novel environments. When exposed to a new environment, species will confront diverse challenges such as the discovery and adoption of novel resources, the avoidance of previously unknown predators, and the adjustment of behavior to a new social or physical environment (Duncan et al. 2003) . The ability to rapidly cope with these new challenges through behavioral adjustments may be a matter of life or death (Mayr 1965; Morse 1980) . Experimental introductions to novel regions are, in general, not logistically or ethically feasible in vertebrates, yet one can draw on the vast literature on past, human-mediated introductions for useful, relevant data. If the brain size-environmental change hypothesis is valid, we hypothesize that, other factors being equal, largebrained species should be more likely to become successfully established when introduced to regions outside their natural geographic range. We test this prediction with a global database of mammalian species introduced to new locations, employing modeling techniques that correct for problems associated with phylogenetic and spatial nonindependence among introductions. Because "other factors" are not always equal, we test the hypothesis in the light of alternative explanations shown to affect establishment success, including other clade attributes, introduction effort (e.g., number of individuals released), and features of the recipient community.
Material and Methods

Introduction Data
We compiled a global database of human-mediated introductions of mammals to new locations, drawn largely from Long (2003) and references therein. The introduction of a species to a new location (an "introduction event") was defined as the release of individuals of a species to an island or a governmental state within a continental mainland that is outside the species' current native range. Following previous work (Blackburn and Duncan 2001a; Cassey et al. 2004; Sol et al. 2005b) , we considered an introduction successful if it resulted in the establishment of a persistent population on the recipient island or state; it was considered unsuccessful otherwise. We excluded recent introductions (i.e., those that took place fewer than 20 years ago), for which it may be too early to determine whether a viable population has been established, and introductions for which the outcome (whether success or failure) was uncertain. Because the number of released individuals is a major determinant of establishment success (Lockwood et al. 2005) , we restricted our analyses to introduction events where data on introduction effort were available, yielding a total of 513 introduction events on 100 species.
Brain Measures
We gathered data on brain mass for 3,076 adult specimens (or mean values of several specimens) of 1,635 species from a variety of sources (see appendix in the online edition of the American Naturalist). Where possible, original sources were consulted; however, where a later source combined new data with previously published data and it was not possible to separate the two, the later source was utilized. When information on brain mass was available from two or more sources, we estimated brain size by using the average brain mass of these different sources.
We evaluated the reliability of the measures of brain mass with a variance component analysis using species (n p ) for which information was available from two or more 407 independent sources ( ). We mean number of sources p 3.7 compared the variation in brain mass (log transformed) within and between species while taking into account differences in body mass (also log transformed; see next paragraph for a justification for body size adjustments). Most variation (92.9%) in relative brain mass was among rather than within species, suggesting that the measure is highly reliable. To further improve this reliability, we specified the number of different sources from which the brain mass was estimated in all the models that tested the relationship between brain size and establishment success. In addition, we also coded whether the brain was measured in a domestic or a wild animal, because domestic animals tend to have smaller brains compared to their wild ancestors (Kruska 2005) . These two variables are not relevant for the purpose of this study and for simplicity are not presented in the final models.
In mammals, as in other vertebrates, larger species have larger brains (Jerison 1973; Martin 1981) . The usual method to remove this allometric effect and hence obtain brain measures that are biologically meaningful (Deaner et al. 2000) is to calculate the residuals of a regression of on (Deaner et al. 2000; log (brain mass) log (body mass) Sol et al. 2005b ). These residuals measure the extent to which the brain is either larger or smaller than expected for the species' body size. In mammals, however, the allometric line relating brain mass to body mass can differ across taxonomic groups, a phenomenon known as grade shifts. Grade shifts are problematic because they can affect the estimate of the allometric exponent, leading to biases in the calculation of the residuals (Pagel and Harvey 1988; Nunn and Barton 2000) .
We dealt with the problem of grade shifts by estimating two different types of brain residuals. The first method estimates the residuals by fitting regression lines within the taxonomic order of the species ("taxonomically adjusted brain residuals" hereafter). We obtained the taxonomically adjusted residuals with a general linear model where the dependent variable was brain mass (log transformed) and the predictors were body mass (log transformed), the taxonomic order, and the interaction between the two. The residuals were calculated with information for all species ( ) from orders for which introduction data were n p 663 available, regardless of whether the species was subject to introductions. These residuals are not directly comparable across orders, as they are calculated based on different allometric lines, but they can be compared using hierarchical modeling techniques (see "General Analyses"). Because taxonomically adjusted residuals measure the relative size of the brain of a species compared with those of other members of the same order, they also deal with the possibility that differences in brain size do not mean the same thing for different taxonomic orders, for example, as a consequence of brain structure differing between orders.
The second method we used to estimate the residuals is based on independent contrasts (Felsenstein 1985) . Allometric regressions with phylogenetically independent contrasts are generally less affected by grade shifts because typically only a few contrasts will be affected, and these will have relatively little effect on the overall relation between contrasts (Nunn and Barton 2000) . We used independent contrasts to obtain size-corrected species brains, using information for all species ( ) from n p 663 orders for which introduction data were available. The alternative of basing residuals on only introduced species would carry the disadvantages of a decreased sample size and the risk of biasing the estimation of the allometric exponent. We computed size-corrected values for brain mass by following the general method of Blomberg et al. (2003) to deal with traits that vary closely with body size. First, we log transformed brain mass and body mass of each species and computed standardized phylogenetically independent contrasts for both traits, using the phylogeny proposed by Bininda-Emonds et al. (2007) . Then, we computed a least squares linear regression through the origin for the contrasts and noted the slope, b (allometric exponent). The relationship between contrasts of brain and body mass was strong ( ), and hence, the use of 2 R p 0.93 alternative line-fitting techniques would have minimal impact (Barton and Harvey 2000) . We included a dummy variable that coded for the particular between-clade contrasts that were identified as "outliers" in the overall allometric relation, thus effectively "removing" grade shifts from the analysis and allowing a better estimate of the within-clade scaling relation. Krebs (1990) . Because the residuals estimated in this way did not completely remove the effect of body size in our subsample of species with introduction data ( ), we included log body mass in all the correlation p 0.19 models testing the relationship between these residuals and establishment success.
The taxonomically adjusted brain residuals were significantly correlated with those estimated with independent contrasts ( , ) correlation coefficient p 0.80 P ! .0001 and yielded qualitatively similar results. We describe here the results obtained with the taxonomically adjusted residuals and present those obtained with the independent contrasts method in the appendix.
Confounding Variables
The success of species introductions is known to depend on the idiosyncrasies of the release event and the characteristics of the recipient community (Duncan et al. 2003) . Such potentially confounding factors need to be controlled for in a proper test of the relationship between residual brain size and establishment success, because they could either inflate or obscure the predicted relationships. The most important event-level effects relate to introduction effort (Lockwood et al. 2005 ), which we recorded as the number of individuals released (Veltman et al. 1996; Cassey et al. 2004 ). In addition, we distinguished whether the introduction was deliberate or accidental.
Because some regions may be easier to invade than others, we also controlled for region-level effects by including biogeographical region as a variable in multivariate analyses. Based on the global pattern of introductions, we recognized six biogeographical regions: Australian, Indomalayan, Afrotropical, Neotropical, Palearctic, and Nearctic. Offshore volcanic islands (Hawaii, Society Islands, S66 The American Naturalist Caroline Islands, and Kerguelen Islands) were considered an additional category.
Besides event-and region-level effects, a number of species-level traits have been proposed or found to affect establishment success (Duncan et al. 2003; Sol 2007 ) and hence could confound the hypothesized link between brain residuals and establishment success. We examined the following traits: (1) habitat generalism (the number of habitat types a species has been reported to inhabit, out of a possible total of nine types [coastal habitats; inland surface waters; mires, bogs, and fens; grasslands; heathland, scrub, and tundra; woodland and forest; inland unvegetated or sparsely vegetated habitats; agricultural, horticultural, and domestic habitats; and constructed, industrial, and other artificial habitats]), (2) diet (herbivorous, carnivorous, or omnivorous), (3) annual fecundity (number of offspring per year, log transformed), (4) mating system (monogamous vs. alternative systems), (5) native geographic range size (estimated by summing the areas of countries or states/provinces in which the species is considered to be present), and (6) whether the introduction was on an island or on the mainland. All information was obtained from Grzimek (1988) , except for geographic distribution (obtained from Wilson and Reeder 2005) and mating system (obtained from Komers and Brotherton 1997; Saether and Gordon 1994 ; and the Animal Diversity Web, http://animaldiversity.ummz.umich.edu/site/index.html).
We finally considered the possibility that a species succeeds at establishing itself in a novel region not because it is preadapted to survive in novel environments in general but instead because it is preadapted to the specific region of introduction, the so-called climate-matching hypothesis (Williamson 1996) . The degree of matching between the origin and introduction locations is difficult to evaluate at the global scale of this study, but one might expect the matching to be higher in introductions within the same biogeographical region of the species and when the species is introduced into a habitat that is similar to the one in its native range. Assessing whether an introduction took place within the same biogeographical region of the species was easy, but we often did not know the habitats to which the species were introduced, particularly for unsuccessful introductions. However, given that most introductions of mammals took place in man-made habitats, habitatmatching should be particularly important in species that occur in such habitats in their native ranges. We defined habitats that were strongly influenced by human activity as agricultural, gardens, parks, and urban habitats, which correspond to the last two categories defined above. We classified animals that have affiliations to humans as those that occur in these two habitat categories and included this new variable in the models to account for traitenvironment interactions.
General Analyses
Information on brain mass was available for 66 of the 100 introduced species that we considered (table A1 in the online edition of the American Naturalist), yielding a total of 443 introduction attempts for the analyses (table A2 in the online edition of the American Naturalist). In general, the analysis of historical introductions faces three major difficulties (Blackburn and Duncan 2001a; Sol et al., forthcoming) . First, the sample of introduced species is likely to be a nonrandom subset of all mammal species, because species were generally transported and/or introduced for some purpose. Although the species used for introduction appear to be randomly selected with respect to their brain size ( fig. 1) , the absence of some taxonomic categories in our sample limits the generality of the results and needs to be accounted for in the analyses. Second, patterns of success are confounded because species were not randomly assigned to introduction locations and because some locations will have received disproportionately more invaders or more good or poor invaders (Blackburn and Duncan 2001b) . For example, if large-brained species tend to have been introduced to regions that are easier to invade, then we could erroneously conclude that enlarged brains facilitate establishment in novel locations. Finally, individual introductions cannot be regarded as independent data points in a statistical analysis. Instead, introduction outcomes are likely to be correlated because most locations were subject to several introductions, the same species was frequently introduced to many locations, and species themselves are clustered due to phylogenetic relationships.
To deal with the above problems, we followed Blackburn and Duncan (2001a) and used GLIMMIX (SAS Institute, Cary, NC) to fit generalized linear mixed models. By including random effects in the model, GLIMMIX takes complex clustered structures of data into account during statistical analysis to provide estimates of standard error corrected for the resulting nonindependence. We modeled the likely nonindependence of introductions of closely related species by assuming a common positive correlation between introduction outcomes for species within nested taxonomic groups (species, families, and orders) but a zero correlation between introduction outcomes involving species in different groups (a variance components model). The use of taxonomy instead of a complete phylogeny is justified in our case because, as it is in birds (Blackburn and Duncan 2001a) , variation in establishment success in mammals is mostly at the species level (see random factors in tables 1, A3 [in the online edition of the American Naturalist]), indicating low phylogenetic autocorrelation. Clustering of introduction events within biogeographical regions was similarly modeled. The remaining variables (residual brain and confounding variables) were included as fixed effects. Success was modeled by specifying a binomial error distribution and logit link function, with introduction outcome (establishment success or failure) as the response variable. Minimum adequate models were obtained by backward selection, removing nonsignificant fixed effects by using a conservative . P ! .1
Results
In 343 out of 446 introduction attempts, mammals succeeded at establishing a persistent population in the region of introduction. Neither absolute brain mass nor body mass were correlated with establishment success ( and P p .84 .73, respectively) when both taxonomic and regional autocorrelations were accounted for. However, success was significantly higher for species with larger brains than for species with smaller brains once the allometric effect of body size was taken into account (GLMM: estimate ‫ע‬ SE p , , , ). These results 1.45 ‫ע‬ 0.64 t p 2.26 df p 40.7 P p .029 held when species with single introduction events and those belonging to the genus Cervus (the most frequently introduced genus) were removed ( ). Analyses with re-P p .045 sidual brain size based on the regression line calculated using phylogenetic contrasts (see "Methods") provided qualitatively similar results (see table A3 ).
A number of event-, clade-, and region-level factors have been proposed or found to affect establishment (Duncan et al. 2003; Sol 2007) , and these effects need to be accounted for to properly test the brain size-environmental change hypothesis. Our analyses do not support a higher establishment success in species inhabiting humanmodified environments in their native range, or in those coming from the same biogeographic region (table 1) . We also failed to find any effect of mating system or other life-history traits in species success in the novel environments (table 1) . However, establishment success increased with the number of individuals released and the degree of habitat generalism of the species (tables 1, A3). When these confounding effects were controlled for in the analysis, residual brain size remained significantly associated with establishment success (tables 1, A3).
Discussion
Although there is considerable interest in the function and evolution of brain enlargement in vertebrates in general, evidence for the widely held idea that enlarged brains facilitate success in response to novel challenges arguably has been limited to birds. In birds, larger-brained, behaviorally innovative species are more likely to be successful in novel environments than are small-brained, less innovative species, a pattern described first in New Zealand (Sol and Lefebvre 2000) and then globally (Sol et al. 2005b ). However, a critical part of developing and testing evolutionary theo- ries is to establish common, repeated patterns in different taxa (Marino 2005) . Our finding that brain size is statistically associated with establishment success in mammals, the largest-brained vertebrates, extends previous findings and provides support for the generality of the brain size-environmental change hypothesis in vertebrates.
Our analyses focused on the relative size of the whole brain instead of the size of brain components, mainly for reasons of data availability. Our findings may result from whole-brain enlargement in particular species, from enlargement of large brain components, or from the correlated evolutionary enlargement of several brain areas. Thus, our analyses cannot contribute to the debate over whether whole-brain or part-brain measures best predict behavioral flexibility or cognitive capacity (Deaner et al. 2007) . Contemporary studies of brain evolution have tended to focus on the size of particular areas of the brain, such as the neocortex, on the assumption that a focus on brain areas involved in the trait of interest is appropriate (Reader and Laland 2002; Deaner et al. 2007) . However, such approaches do not invalidate analyses of whole-brain volume, for several reasons. First, many brain component volumes are tightly correlated with whole-brain volumes, particularly the large parts of the brain, such as the mammalian neocortex, that have received attention from students of primate cognitive evolution. Second, we propose that the link between brain size and introduction success that we document is the result of brain enlargement affording increases in the behavioral flexibility needed to deal with the variety of problems a species faces when exposed to a novel environment. Several measures of behavioral flexibility correlate with brain volume measures in primates (Reader and Laland 2002; Reader 2003a; Deaner et al. 2006 ) and bats (Ratcliffe et al. 2006) . Behavioral flexibility involves a range of processes, including perception, motor, and cognitive processing (Reader and MacDonald 2003) , and this processing is unlikely to be restricted to one brain area. Finally, brain areas perform many functions, and several brain areas may be involved in a given function. Moreover, "cognitive" capacities may, in reality, be difficult to disentangle from perceptual and motor processing (Barton 2006) . Analysis of whether whole-brain or component volumes better predict introduction success is an empirical issue that can be addressed only when appropriate data become available.
According to the brain size-environmental change hypothesis, a large brain can have benefits in novel environments by facilitating adaptive behavioral responses to unusual or novel ecological challenges, through cognitive processes such as innovation, learning, and decision making. The importance of these cognitive processes in dealing with novel ecological challenges is supported in numerous studies (Dukas 1998 (Dukas , 2004 Sol, forthcoming) . However, the mechanisms by which a large brain facilitates population persistence in novel environments through enhanced behavioral flexibility are less fully understood. Basically, there are two nonmutually exclusive routes to extinction in small invader populations (Saether and Engen 2003) . First, an introduced population may become extinct because of a negative mean population growth rate, for example, when individuals are incapable of finding appropriate resources in the new place or cannot deal with the pressure of novel enemies. A growing number of studies show that developing new behaviors and rapid learning are important for the discovery and adoption of novel resources and the avoidance of unfamiliar predators (Lefebvre et al. 1997; Brooker et al. 1998; Estes et al. 1998; Berger et al. 2001; Sol, forthcoming) , suggesting that a large brain can facilitate success in novel environments by increasing the likelihood of finding an appropriate ecological niche.
Second, an invader population with a positive growth rate also may become extinct through the operation of demographic or environmental stochasticity affecting the population growth rate or fluctuations in the carrying capacity. The importance of demographic stochasticity in the invasion process is suggested in the finding that the size of the founder population is a main determinant of establishment success in vertebrates (Lockwood et al. 2005 ; this study). However, the influence of stochasticity should vary according to the life history of the species, the effect being less pronounced in species with low adult mortality (Pimm 1991; Legendre et al. 1999) . If a large brain buffers individuals against ecological challenges posed by the environment, this should reduce mortality ) and facilitate population persistence through a decrease in demographic stochasticity.
In the long term, the persistence of an introduced population will depend on the adaptation of the population to the novel environment (Mooney and Cleland 2001; Sakai et al. 2001) . Local adaptation requires time, yet evolution can proceed extremely quickly in introduced populations facing strong directional selection (Baker and Moeed 1987; Reznick and Ghalambor 2001; Price 2008) . This process might be accelerated in big-brained animals as a result of their enhanced ability to develop behavioral responses to novel selective pressures (Wyles et al. 1983; Robinson and Dukas 1999; Huey et al. 2003; Price et al. 2003; Price 2008 ; but see Huey et al. 2003 for an alternative model). Such behavioral responses can alter the intensities and/or directions of selection and reduce the probability that the population becomes extinct, facilitating adaptation to the novel environments through genetic assimilation (Price 2008) . Support for the importance of brain size in evolution is scarce and limited to birds (Sol et al. 2005a) , in which brain size is positively associated with intraspecific diversification independently of range expansion. In mammals, however, Lynch (1990) found no evidence that large-brained lineages evolved morphologically at a faster rate than small-brained ones.
The brain size-environmental change hypothesis is part of a more general theory, the cognitive buffer hypothesis, which suggests that larger and more complex brain function may have evolved to behaviorally buffer individuals against the vagaries of the external world (Allman et al. 1993; Deaner et al. 2003; Sol, forthcoming) . The finding that brain size is associated with success in novel environments provides evidence for this buffer function of the brain, emphasizing that a large brain is particularly advantageous for the construction of adapted responses to novel ecological challenges. We have limited knowledge of the mechanisms by which the brain facilitates population persistence in the face of environmental changes, but understanding these mechanisms is likely to be an important avenue for future research.
